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I. THE GROWTH AND PRESENT STATUS OF PROJECT SQUID
AT N. Y. U.

General Background. Work done by members of
the Applied Mathemudies Group, New York Uni-
versity, prior to Juh 1946, ked to the publicatiom
in particular of a theoretical report on comhustion
and flow processes inside a pulse jet motor. This
report is entitled A Gas Dynamical Formulation for
Wares and Combustion in Pulse Jets.' It is evident
from this and other reports that many of the funda-
mental physical phenomiena asociated with the
operation of liquid fucl rockets and pulse jet moton
are cither unknown or incompletely  nnderstood.
The problens thus uncovered by this basic research
form the substauce of most of the proposals sub-
mitted by NY U in connection with Project SQUID.
The history and purposes of the approved phases
of rescarch as well ax other proposals for future
work are discassed in Section I of this report. The
remainder of the report haadles in more detail the
progress made in the six month period from July
to the present time in attacking technical problems
and presents a few suggestions for extending this
research,

Fuailities, At University Heights, Broux, there are
in West Hall of NYU, ollices, an clectronics labo-
ratory, a machine and welding shop and & photo-
graphic laboratory, and, in its own building, a
thermu-mechanics and jet-testing laboratory. One
of the rooms in West Hall previously used for
office space is being converted into a small machine-
shop and general work space. At Washington

1AMG NYU 141, June (946, prepared under Navy Contract
NOa(s)--7370.

Square, Manhattau, there are offices at 53 Wash-
ington Square South * for theoretical rescarch, and
a general laboratory in the Main Building of NYU.

The physical equipment at both the Square and
the Heights is generally available to alt Project
SQUID members at NYU. ‘This cquipment con-
sists briefly of the following: In the shops there are
a 16” metat lathe and a 9 metal Lithe, a milling
machinc, a drill press, a shiper, are and acetylene
welding equipment, and general shop tools. In the
laboratories, besides standard laboratory tools and
cquipment, there are oscillographs, amplifiers, and
generators of various types, i centrifugal blower, a
small spectrograph, spark indnction coils, nitro-
gen tauk, gas supply, shock and Hame tubes, an
clectronic photometer, an Fastman 111 Hi-Speed
Camera, and a Seneral Radio 35 mm. continuous
film camera.

Procurement. Because of the slow settlement of
trucking and other strikes, and because of the lack
of availability of certain typex of equipment, even
from War Swrphus agencies, much needed material
awd equipment is slow in acquisition.

As a result of loss of time spemt in procuring
cquipment, and in necessary construction of appa-
ratus, as well as the short time that work has been
going on in this long-time basic study, many of the
results presented in this report are preliminary in
nature, and indeed much of the discussion is re-
stricted to descriptions of construction of apparatus
or test procedures.

T Revently moved (o 4% Fourth Avenue, New York 3, N. Y.

Il. GENERAL REMARKS ON THE PHASES OF RESEARCH

On July 26, 1946, approval was granted by the
Burcau of Acronautics of the U. 8. Navy for New
York University to nndertake the following phases
of research under SQUID contract N6ori- 11, Task
Order 11,

Phase [. In connection with pulsating jet en-
gines: to undertake theoretical and experimental
investigations of (1) flame motions with controlled
initial turbulence, (2) stationary flames with con-
trolled turbulence, (3) suitable theoretical models

based on the above obscrvations, and (4) statistical
mechanics of non-uniform gases.

Phase 2. In connection with liquid rockets and
pulsating jet engines: (1) to measure the thermal
conductivity and heat capacities of various steels
and other materials used in jet engines, and to
determine by use of adiabatic calorimetry and
mctallography how these parameters depend on the
tempcerature and on the rate of heating; (2) to
dctermine characteristic parameters for heat trans-
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fer between hot turbulently flowing gases and wa.lls,
by use of measurements of gas velocitics, radia-
tion intensities and wall temperatures; (3) to usc
the above in refined calculations of temperature
changes in jet tubes.

Phase 3. In conncction with liquid rockets and
pulsating jet engines: (1) to observe flame and
particle motion, pressures, temperatures, densitics,
and effects of turbulence in pubating and rocket jet
devices; (2) to study water stream analogs for gas
motions in pulsating jets and rockets in order to de-
termine characteristics of simple theoretical models;
and (3) to use the above for theoretical treatments
of the internal ballistics of jet devices on the basis
of justified simple models.

Phase 4. In connection with liquid rockets and
pulsating jet engines: to develop instruments for
recording transient thrust and pressures, tempera-
tures, and densitics of hot oscillating gases, and gas
velocities.

Phase 5. In connection with liquid rockets and
pulsating jet engines: to study drag characteristics
of pulsating jet and other devices under conditions
of non-steady or of supersonic flow, using firing
range photography, wind tunnel measurements, and
theoretical investigations.

Originally, NYU made the following additional
proposal which the Policy Committee gave a lower
priority rating, but which NYU intends to submit
for approval at a later date when other research is
less pressing:

“Systematic analysis of various methods for
achieving augmentation in jet devices, with
possible development of new propulsive devices
of an intermittent jet type: (1) Theory (2)
Experiment.”

The above proposals for phascs of research under
Project SQUID at NYU were suggested by prelimi-
nary theoretical and experimental investigations
with which several members of the Applied Mathe-
matics Group under the N.D.R.C. were concerned
during the last two vears of World War I1.

" Phase 2 was based on the observation that stecl
alloys used in rocket chambers exhibited marked
temperature dependence in their thermal conduc-
tivities and heat capacities, and furthermore ex-
hibited large heat absorptions in several narrow
bands of temperature above 600° C. (heats of
crystalline change). Except for some data on a few
British stecls, practically no measurements of these
thermal parameters were found to be available.
Furthermore, under the high rates of hcating in-
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volved in rocket walls it might be expected thy
there would be marked lags in the absorption of
heat of crystalline change, and therefore thit there
would be an abnormal rise in temperature. Such
factors could greatly affect the temperature and

. stress distributions in rocket walls during the tiring

periods. Phase 2 was thercfore initiated to study
these matters, and specific investigations in this
field are described in Sections VIII and IX of this
report. .

Phase 4 was bascd on the observation that only
rather crude instrumentation had been used during
the war to study pulsating jet motors, and to a cer-
tain extent, rocket motors. Practically no accarate
data are available on the time variation of pressures,
temperatures, velocities, and thrusts (not to men-
tion densities and gas composition) in non-s:cady
jet devices, a lack of information which is n:ainly
due to the undeveloped state of suitable instrumen-
tation. To be useful the instruments’ pick ups must
not sensibly disturb the jet and must not he per-
turbed greatly by corrosion or by the mechanical
or thermal oscillations associated with the jet.

In a standard pulse jet the pressure oscillates be-
tween about 5 psi and 40 psi (absolute) at a fre-
quency of more than 40 cycles per second; the gas
temperature oscillates from about 300° to 2,000°
absolute; large mechanical oscillations of the jet
walls also occur. During the war most attention was
paid to rough average values for thrust, fuel rate,
drag, and wall temperatures; but considerably more
refined measurements are apparently essential in
order to understand and to treat the internal bak
listics of pulsating jet and rocket motors in a rea-
sonably scientific way. Such a study may very well
lead to major improvements in such devices. After
a fairly exhaustive study of the literature and of
specific instruments, the SQUID group at NYU
has tentatively decided to concentrate on the fol-
lowing methods:

L. To obtain oscillograms of oscillating tem fra-
tures in jets, use photo-clectric multiplier tubes to
pick up radiation from sufficiently concentiated
sodium and potassium additives. Experiments with
the spectrum line reversal method appear to ju-tify
the use of Planck’s law over the sodium and p. %
sium line breadths, provided that the concentr.. .o
of the clement is above a value depending o: the
thickness of the layer of gas whose temperati. - i
required.

2. To obtain oscillograms of oscillating pres:. €5
and thrusts, use magnetostriction, crystal, or . o
denser type pickups protected from the jet ; 5




by a water-cooled shicld with sniall perforations for
the communication of pressures. Careful calihration
is important, and incrtia effects due to mechanical
vihration must be  distingnished  from  pressure
response.

3. To determine flame and particle specds, use
cither high speed imermittent or streuk photog-
raphy with cither dircet, shadow, or schlieren
optical systems,

4. To obtain oscillograms of gas densities, vari-
ous methads based on scattering of particles and
waves may conceivably be used and are being in-
vestigated in a preliminiry way. 1t is of interest to
record pressures, temperitures, iaud densities to see
if the nsual cqaation of state applies to the gas in
a one-dimensionalized theory of turbulent jets,

Specific intrumentation is discussed in Sections
X1I and XI11 below,

Phase 5 was snggested by Professor Courant at a
time when it appeared that a fnll time theoretical
acradynanticist was about to join the SQUID
Project at NYU. Several yoing acrodvnamicists
who were interviewed Later were surprisingly cool
towards the new ficld of non-steady flow but were
interested in the enrrently popular field of shock
waves around acrofoils. Since other projects are
handling the acrofoil features of guided missiles
such aspects are not regarded as appropriate for
rescarch under the SQUID Project. However, using
the available staff, a start has been made at NYU
in the theoretical treatment of non-steady drag on
baodics of revolution which simulate pulse jet motors
{see Section XIV). At a later time it is intended
that related experimental investigations shall be
made under conditions of pulsed flow, both sub-
sonic and supersonic. At present it is not known
whether or not a supersonic pulse jet is feasible,
but the question will be investigated.

Phases 1, 3 and 4 were suggested by investiga-
tions which were outlined in a report, mentioned
in Section 1, and entitled 1 Gas Dynamical Formu-
lution for Waves and Combustion in Pulse Jets. In
this report it was pointed out that flame and wave
propagation in pulse jets involve durations which
are not negligible in comparison with the period
of the cycle. It was also pointed out that unlike
combustion in Bunsen burners and in non-turbulent
combustihle gasex, a field which is relatively well-
explored, the flames in pulse jets spread in the
form of turhulently (or swirlingly) distorted clouds
which continue to glow for several milliseconds.
The swirling motion is probably produced by the
sharp-cdged air intake valve bank, and by inhomo-

geneous mixing of the fuel and the air. Presumably
the swirling greatly increases the effective rate of
diffusion of heat and of chain carriers and thereby
produces the observed high rates of spread of the
flames. When interpreted one dimensionaltly, these
rates correspond to effective flame speeds of more
than 200 feet per second relative to the gas (in
contrast with flame speeds of several vards per
second in non-turbnient mixtures'. In order to
make fairly accurate theoretical predictions of the
performance and potentialities of pulse jet motors
it is necessary to know how effective flame speeds
and rates of comhustion depend on the pressures,
temperatores, ind structure of the flow cor on the
shape and dvnamies of the swirl-making structures).
‘To treat this problem fundamentatly in terms of
detailed reaction kinetics and eddy dynamics, ap-
prars to be ont of the gnestion at least in the im-
mediate future. However, some relevant idealized
investigations are being undertaken at NYU (sce
Sections IV, V., and V1.

A more immediately uscful approach to a
theoretical treatment of pulse jets with swirling
combustion is believed to be provided in the above-
mentioned AMG-NYU report, which presents a
rather comprehensive one-dimensional gas dynami-
cal-thermodynamical formnlation for pulse jets of
non-uniform cross scction. This formulation pro-
vides a framework into which may be fitted em-
pirical parameters in terms of which effective
one-dimensionalized inlet and c¢xhaust boundary
conditions, flame specds, and rates of release of
chemical energy may he expressed. ‘The determi-
nation of how these parameters depend on the
external flow, the internal geometry, and the pres-
sure, temperature, and composition of the fuel-air
mixtire is regarded as a matter for controlled ex-
periment, hy use of (i) stationary flames in ducts
containing grids which simulate intake valve banks,
tii) moving flames in flame tubes containing suit-
wble grids, and (i1i) general observations on charac-
teristics of actual pulse jets and their components.
In (i) relatively simple instrumentation (e.g., in-
volving pitot tubes for pressures and velocities and
rodium line reversal for temperatures) could be
employed to investigate the desired parameters
under steady state conditions. These stcady state
parameters could then be tried in a theoretical
trcatment of dynamical cases, which could be
checked experimentally in (i) and (iii). If the
steady statc paramcters were found to be inade-
quate for these dynamical cases, a more claborate
oscillographic instrumentation would be required to

3
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study dynamical factors involved in the parameters.
In any event the parameters wonld be employed in
theoretical calculations on pulse jets, If effective
flame speeds of the order of a few hundred feet
per second relative to the gas are developed in the
stationary flame ducts :as they are developed in
pulse jetsi, shen, as i indicated in Section IV,
very large hlower cquipmen: woulkd be required to
hold the flame stationary in a reasonably farge duet
without flame holders, « Flame holders are not ordi-
narily emploved in palse jets, which iherefore differ
considerahly from ram jeis in (lame charactensiies).
Since such blower cquipment is wot availahle at
NYU. negotiations were initiated in October 1946
for the nse of blowers at the SQUID Project at
Purduc University and a1 several osher localities,
These facilities or others may be available carly in
1947 for flame tests and for the very noisy pulse

jet and rocket tests which form an essential part
of the research program as planned by NYU. Mov-
ing flames and small pulse jets can be and are
being investigated in the NYU laboratories, and
iclevant descriptions are given in Sections 111, V11,
X. XL and NI below,

A JB 2 pulse jet motor has been obtained from
the AAF. at Wrighs Ficld, after a long delay dne
to the truck sirike. The intake valve bank of the
motor is to be sindied under steady as well ax arti-
ficially pulsed flow in a wind tunnel in order to
ohtain some values for the cmpirical parameters
which are to be uxed in the boundary conditions in
the onc-dimensionatized theory referred to above.
In this study, smoke tracer photography, pitot
tubes, shadowgram movies, and pressure oscillo-
grams will be enployed.,

1. FLAME TUBE EXPERIMENTS

Introduction. These experiments were initiated for
the general purpose of determining the effect of
turbulence (defined here to include swiding mo-
tions) on the specd of a flame moving down a tbe.
It is hoped that the data thus ohtained will be of
use in the development of a theory of combnstion
and flame propagation in turhulent mediums. Such

a theory would have scientific interest in the ficlds
of fluid dynamics and combustion theory. It would
also be important in connection with the work in
progress under Project SQUID because of the
wurbulent conditions which appear to exist in the
combustion chamber of the pulse jet. and which
appear to have a marked cffect on the flame speed
and the degree of combustion in the gascs,

The speed of a flame (at low rates) relative to
an observer is prohahly a function of three factors:
(a) the movement of the medium in which the
flame is traveling, (b) the shape and the arca of
the flame “fromt” as compared to the area of its
cross section perpendicular to its general direction
of propagation and (¢) the speed of the flame rela-
tive to the gas mixture.® This fundamental speed
(c) has been mecasured in three ways: (1) the
Bunsen conc mcthod in which measurements are
made on the size of the inner cone of the flame and
on the rate of flow of the mixture in order to deter-
mine the flame speed in a Bunsen burner, (2) the
soap-bubble method in which simultaneous meas-

¥ Coward and Payman, Chemical Reviews, 21, 339 (1937).
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nremenss are nade of the radial speed of the flame
and of the cxpansion of the gawes enclosed in a
soap bubble, thus allowing calculation of the funda-
mental speed, and (3) the method based on meas-
nrements of the shape of a flame front and its speecd
of translation dnring its motion down a tube.
These three methods have been used mder con-
ditions of non-turbutent flow, and all three have
given fundamental flame velocitics in the range from
1 to 30 ft./sec. When turbulence is created in the
fuel mixture, flame velocities of a higher order re-
sult. The opinion of workers in the ficld has heen
that turbulence produces a local mixing of the burn-
ing and unburned gases, thus assisting in the diffu-
sion of heat and of chain carriers and thercby in-
creasing the speed of propagation of the flame. Tt
is the magnitude of this cffect of turbulence which
we have sct out to determine, under conditions
which approximate as closcly as is practicable the
conditions in jet propulsive devices. We hope in
addition to gain a better insight into the physical
mechanism which produces the effect.
Apparatus. Motion pictures are taken of the
motions of flames in a flame tube. The tube is a
pyrex cylinder four feet long and four inches in
diameter (Fig. 1). It is mounted vertically, and
except when the tube is being filled with a com-
bustible mixture, its bottom end is left open. At
the top is an igniter, of which various types have
been used. The types favored in the first experi-




ments were (1) a Hat spiral of coiled heater wire
and (2) a sheet of iconel metal, both heated clee-
trically to red heat to cause ignition.  “Fhese planar
igniters were chosen to allow ignition over the whole
cross section of the tube, thus making the iuitiid
motion of the flane as nearly one-dimensional as
possible. I recent experiments ignition was pro-
duced by means of a spark which facifitated the
timing of the hring with the opening of a shutter
in front of the movie camera

‘Turbulence-making  grids were mounted in a
cylindrical holder which itself was held in phlace
in the tube magnetically.  Three grids ave been
usek: No. | has a dise of copper fly sereen; No. 2
is a wallle-like grid with twenty-one openings ap-
proximately three-eighths inch square; No. 3 is a
waflle-like grid with three in-line openings cach
approximately one-half inch square.  Grids Nos. 2
and 3 are shown in Figure |,

Several Hame experiments were performed to de-
termine the effects produced by the presence of a
wire helix hanging down inside the pyrex tuhe.
‘F'wuo sizes of helix were tried, one which fitted snugly
inta the tnbe and the other which had a diameter
only about one half that of the tube.

In some recent experiments part of the pyrex

Fignre 1. "The flame ube with a lalex section near ¢he op,

tube was replaced hy a flexihle or by an casily rap-
tured sleeve (made of pleated thin fatex or of wet
tssue paper wrapped around a wire mesh frame).
‘The sleeve was introduced to produce a local redue-
tion in the pressure and velocity of the gas during
the brief period of combustion in the lame tube.

In necarly all experiments the fuel nsed was an
approximate 79 mixture of propanc in air.

Movies were taken with two cameras: one a Bell
and Howell 70 with a speed of 80 frames per second,
and the other an Eastman T high speed camera
with speeds between 600 and 1,000 frames per
second.  The speed was determined from timing
mirks prodhuced on the film by an oscillating Light
from an argon bulb inside the case of the camera.
‘The frequency of the light was controlled with a
Hewlett-Packard 205 AG andio-signal gencrator.
The Easunan camera was modified so that a con-
tinuous loop of ahout 90 frames coukd be used, and
an external shutter was used to limit the total dura-
tion of the series of exposures.

Procedure.  Air and fucl are premixed in the
proper ratio; then the mixture is introduced into
the tube which is partially evacnated when the
sleeve is not used, or which is thoronghly scavenged
hy flowing the mixture throngh it for several min-
ntes.  These procedures insure a rather mniform
mixture free from moisture and other products of
combustion keft over from previous runs.  All ex-
periments are made with initial pressures of one
atmosphere in the tube, and just before ignition a
plate covering the bottom of the tube is removed
so that the pressure in the tube will not bnild up
to a dangerous level.  Just before ignition takes
place the shutter in front of the movie camera is
opencd and the film is exposed over a period of
about a tenth of a second.  'The fitm, when devdl-
oped, is viewed on a microfilm reading machine
and the pictures are measured frame hy frame.
Figure 2 shows part of a series of pictures of the
Hame as it progresses down the tnbe.  Frames 3, 5,
and 7 clearly show the grid which was located four
inches below the igniter.  ‘The hlack band across
the tube at the bottam of frame 9 is a tube support.

<. Four-foot Pyrex Tube

Objectives and Experimental Results. ‘The mean
of the average Hame speed in tubes which contained
no grids was fonnd to be 38 = 6 ft./scc.

In the carly experiments grids were pulied rapidly
down the tube before ignition was started, in order
that the flame could propagate into the turhulent
wake of the grid. 'This arrangement was used in an
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Figure 2. High speed motion piclures of a moving flame. The nunbers in the lower right corners are frame mnnbers,
Flame moving (n left.

attempt to simnlate the tnrbulence produced by the
flow of the combustible mixture throngh the sharp
edged intake vidve bank in a pulse jet. These ex-
periments indicated that flame speeds of the order
of 100 ft./scc. could be developed behind the grid,
but a new cffect appeared when the flame passed
down throngh the grid—very high flame speeds
appeared. ‘This observation led to a set of experi-
ments using stationary grids.

Several general observations may be made on the
uppearance and velocity of ames in tubes contain-
ing stationary grids. A somewh:a swirling combus-
tion with flame speeds between 30 and 70 ft./sec.
is frequently observed between the igniter and the
grid. This flame then proceeds through the grid,
exhibiting below that point a sharp acceleration and
frequently attaining velocities of nearly 800 fi. /scc.
The barning in the rapidly moving flame front was
never complete, inasmuch as after-harning was ob-
served in regions where high velocities occarred,
with little or no after-burning in those parts of the
tube where the flame front moved slowly, and
where presnmably complete combastion accurred.
Farthermore, the light intensity was greater in the
flames with higher speeds.  Indeed in many cases
the light was insufficient to obtain pictures when
the flame was above the grid, while below the grid
the flame photographed clearly. The brightness
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in the less completely combusted region may be dae
to glowing carbon particles.

The carly experiments were carried oat with the
No. ! grid, using the Bell and Howell camera. 1t
was found that the highest Hame speeds were ob-
tained when the grid was held about four inches
from the igniter. Under these conditions an average
speed over the foar-foot length of tibe was found
to be aboat 320 fi./sec.  This snggested that the
flame accelerated helow the grid, and this idea was
confirmed when photographs were taken with the
high speed camera.

Figure 3 depicts the results of a series with the
No. 2 and No. 3 grids. Curve 1a gives the resnlts
obtained with the No. 2 grid foar inches below the
igniter. Curve 2 was obtained when grid No. 3
was two fect below the igniter.  For this curve
points arc shown for only onc of four shots, the
data from which, however, follow the curve closely.
1t shoald be noted that the lincar increase of velocity
with distance indicated in curve 1a and 2, below the
grid, means that the velocity v increases exponen-
tially with the time ¢ in this region.

That is
v=Ae

(with A and 7° constant).
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Figure 3. Flame speeds in a flame cube,

‘The time constant T, in the ease of grid No. 1 is
4.0 ms., whereas its value for grid No. 2 is 2.1 ms.
It is possible that the diffcrence in the slopes of
curve 1a and 2 is a function of the grid. Further
studics are necessary to determine the effect of grid
design on flame speed and on acceleration below
the grid. However, the results clearly indicate that
the flame is suddenly and rapidly accclerated on
passing through a turbulence-making grid, and then
the flame spced increases exponentially with time.

Curve 1b illustrates one type of the non-repro-
dueible results which occur now and then. In this
experiment, in which grid No. 2 was used, the flame
speed starts to increase as in curve la and then
suddenly decreases. This is probably due to diffu-
sion of the mixture out through the open end of the
tube, owing to a delay of a few seconds between
adding mixture and firing.

In the experiments with the wire helix which
fitted snugly into the tube no measurahle increase
was obscrved over flame speeds in an open tube.
With the helix of smaller diameter the flame speeds

reached a value of 200 ft./sec. Presumably the
mass motion of the gases along the centrally located
helix set up a wrbulence which accelerated the
Hame.

Pressure ganges are still in process of construetion
for the measimement of pressures in the tube. How-
cver. it is possible ju one instianee to estimate the
pressure behine the grid from the observed aceelera-
tion of the grid when it was blown down the tube
hy the force of the explosion.  Caleulations gave a
ligure of four pouuds per square inch excess pres-
surc behind the No. 3 grid.

Remarks. In view of the experimental results
described iu the above paragraphs a few general
remarks mayv be made concerniug the mechanism
of turhulent flame propagation. The grids in the
path of the expanding gases create a tnrbulence,
and it is probahly this tnrbuleuce which induces the
high speeds.  Conceeivably the flame front has a
multiple needle shape with the points of needles
Iving on a mildly enrved surface which looks like
a flame front. The appuarent shape of the flame
front is somewhat curved, as may be seen in Figure
2, and this of conrse increases the observed speed
nver the “fundamental speed,™ that is, the local
speed of the flame relative o the gas. Thus far
no attempt has been made to measure the area of
the flame frout, but the ratio of this arca to the
crass section area of the tube, judging frnm the
photographs in Fignre 2, appeans to be of the order
of four. If fundamental flame speeds in non-
turhnlent gases are 10 ft./sec. or even 30 ft. /see.,
we can acenunt for no more than 120 ft./scc. nf
the velocity on the basis of the simple enrved front.
For the several cases where the speed reached 750
ft. /sec. it wnuld seem that we cannot attrihute the
remaining 630 ft./sec. solely tn mass transport
caused hy a pressure wave passing dnwn the tube,
because no such speeds were observed in the tube
withont gril. We are then led tn postulate that
grid-induced turhnlence increases the flame velocity
with respect to the tube by bringing fresh surfaces
of gas into contact with the flame. The gas enclosed
by these surfaces need not be burned cnmpletely
(and indeed is nnt, as noted above). The fresh
surface clusters may show themselves cither as eddies
or as jets or fingers which penetrate the unburned
mixture and tend tn propagate themselves forward
locally tn produce an effective flame front which
moves with high velocity without heing associated
with a large cross-sectional average mass flow down
the tube.

The use of fixed grids provides a means for con-
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trolling flame speeds and therefore may be of con-
siderable importanee in improving the performance
of pulse jet motors. In particular, if flames can
be made to propagate at speeds of more than 500
ft./scc.. it may be possible to approximate in pulse
jets conditions of combustion at constant volume,
which may conceivably produce an improvement
in the thrust of the motor.  Thrust depends to a
considerahle extent on the relative phasing of pres-
sure waves in thr jet tube, and it is not certain tha
constant volume combustion is partienlarly effective
in this connection.

B. Flame Tube With Expaunsion CChamber

Objectives and Experimental Results. The ex-
periments discussed in (A) above suggested that
(1) high speed flames are produced when a pres-
sure huild-up behind the grid leads to the develop-
ment of jet-like motions throngh the grid, and
(2) that average mass mation down the tube prob-
ably cannot contribute much to the effective flame
speed.  To cheek these conclusions the following
experiments were performed in flame tubes with
latex or tissue paper sections which were designed
as pressure release devices.

Figures 4 and 5 show the results of most of the
shots with the latex section tube.  The vertical lines
indicate pasition of the grid for each shot. Most
of the eurves are not drawn from the origin because
the intensity of the flame near the origin was insuffi-
cient to produce an image on the film. Some of
the curves are not drawn to the end of the tube
for the same reason. The curves are drawn smoothly
among points which in a few cases fall off these
average curves by as much as 50 ft./sec.

Whenever the flame front was observahle in the
latex section, the velocity of the front was zero for
a few frames. The flame filled the section, expand-
ing it to the fullest diameter (and sometimes stretch-
ing the latex). 1t remained burning in this scction
before the front procecded down the tube. This
was observed in experiments 93 and 94.

A group of results are shown in Figure 4, in
which conditions were apparently favorable to the
production of a moderate amount of turbulence
with consequent moderately high flame speeds, 1n
all these cases cither ro grid was present in the tube
or the grid was very near the end of the latex
section.

‘When no grid was present in the tube, the highest
velocities reached were about 250 ft./sec. The
curves for experiments 81 and 94 illustrate this.
These velocities are higher than those observed in
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the straight tube without the latex section and may
possibly be attributed to a slight turbulence sct up
by the expansion of the latex.

When the grid was near the latex section, cither
above or below it, the curves followed closely the
behavior of the curves for no grid, as is seen from
the curves of experiments 82 and 93. When the
grid was above the latex the expansion possibly
wiped out the turbulence due to the grid. If the
grid was immediately below the latex, release of
the pressure behind the grid may have siowed the
gases proceeding downward through the grid so
that little turbulence was produced. A notable ex-
ception in this group is experiment 83, where the
results resemble very much those in the four-foot




tube without an cxpansion chamber and with a
similar grid position.

When the grid was aboat twa feet below the
latex section, as in the curves of experiments 85
and 86, shown in Figare 5, the curves resemble
those of the tube without an expansion chamber
and with the grid similarly plieced. I may be that
if it had been possible to follow the image of the
flame front to the end of the tube, velocities of
around 700 ft. rsec. wonld have been observed. 1t
would scem that the bharning of the gas below the
latex and above the grid permitted a pressure to
develop which was not releaxed immediately in the
latex section, so that gases were forced through the
grid mach as they were in the straight tube,

Remarks. The resnlts are confused hy the super-
position nf the effect of the expanding and' col-
lapsing latex scction, but oar results thas far indi-
cate that an elective release of pressare behind the
grid, so that the gas is nnt forced throngh it, will
decrease the turhulence to a point where very high
flame front velocities are not observed.

A scries nf cxperiments is now in progress in
which wet tissue paper ix being ased instead of

latex. It has been found that the paper bursts
very casily as the pressure front passes it. thus con-
siderahly reducing the pressure locally, Ideally, a
tube of soap film woald provide the clearest resnlts,
and efforts are being made in this direction. It is
of particnlar interest in this connection to stady the
contribwtions to the flame speed due to average
mass motion, by determining how a fast (ame
established in a 4-foot pyrex tube will coutinae to
propagate into a tissue paper sleeve which forms
an extension to the tabe.  In the parex tube the
motion is conlined clectively to one dimension, bat
in the Meeve, pressare and velocity propagate three
dimensionally and therefore beeeme rapidly attenn-
atedd with distance from the original center of the
clement.  Thas mass motion parallel to the axis
of the tube shonkl be greatly redueed in the sleeve.
Preliminary observations indicate that a flame with
a speed of 500 ft.-see. near the end of the pyrex
tube continacs to propagate down into a two-foot
tissue paper section at a rate which gradaally drops
to 150 ft./sec. Theory wnuld lead one to expect
a far greater decrease than this if the flame were
being carried along mainly by mass How.

IV. ONE-DIMENSIONALIZED RELATIONS FOR STATIONARY
FLAMES IN TUBES

Observations on moving flames in palse jets and
in special flame tubes indicate that when suitahle
turbulent or cddy motion is present the following
onc-dimensionalized description is adeqaate.* The
flame advances into the unburned gas with a speed
as large as 200 or more ft./sec. relative tn the gas,
and the cffective flame duration in cach layer of

4See Figure 6. which relers to & slightly expsnding tube tu stabilize
the front.

Fuel and sodium
inysctor

i
AP IT v

Steel Pipe \Tapcrcd Combuston Chamber (8% long),

(rectanquler;
at least at down-
stream end)

gas is of the order of 10 to 20 mx., which corre-
sponds to a flame region length of several feet along
the gas in the tube. The actual burning takes place
inhomogencously and  three  dimensionally in a
manner somcwhat resembhling the swirl in the wake
of a ship’s propellers. The detailed mathematical
treatment of such swirling flow and cnmbustion is
beyond present techniques, and therefore a one-
dimensionalized model is employed below.

Flame holder

( for starting

with windows on side

Figure 6. Tenlalive sclup for siudy of “stationary™ turbulenc flames.
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Suppose that the flow speed of combustible gas
in a straight tube is adjosted vntil the free ame is
stationary. ‘Fhe flow speed at the flame front then
i equal to the Bame speed f relative to the gas.
Let Q heat evergy released per pound of gas
during combustion  (foot ponndals per pound),
U = imternal energy per pound of gas, p = pres-
sure (poundals per square foot,) 7 = specific vol-
ume of gas (ft.'/Ih), V llow speed (ft./sec.
and I V/r mass flux of gas through a scc-
tion one foot square (Ih./ft.? see.), Using G, and
G for the respective values of a quantity ¢ at the
upstream and downstream ends of the flame re-
gion and wing G5 G, Gy, we have the fol-
lowing basic cqnations:

(A) Q=U+(pr) 134 !I"-‘]—l'i('nlh.'llpy cquation) ;
(B) IV = F /7 (taass flux equation)

(C) —p]i = (FI)]i (mowentum equation. )

W is a constamt for the case of a straight tube,
which is the case here. To ohtain a rongh estimate
of the pressore distrilmtion, let us assurae we have

pr

PR
a perfect gas, so that U]§ = T.T]l which may be

mserted in (A).

Here y is the ratio of the specific heats of the gas
and for purposes of estimation y will be regarded
as constant. Solving for 4p = p, p (the pres-
sure drop through the flame region) in terms of
¥ P2 (the pressure at the downstream end of flame
region), 7 (mass flux of gas), Q (the heat energy
of combustion per pornd of gas) and [, which is

V. TURBULENT DIFFUSION IN

Theoretical. ‘This phase of the work is primarily
concerned with the study of the process of dilfusion
in turhulent flames, which is of importance in
understanding  tnrbulent  exchange  mechanisms
which affect combustion. It is well known from
experimental research that the influence of turhu-
lence is very marked on the phenomenon of flame
propagation. The llame propagation speed is in
most instances  noticeahly  increased, while the
stahility of the flame structure is altered to a
significant extent. In order to ohtain a thorongh
understanding of these phenomena it is essential
to make experimental measurcments in hnming
gascs,

A theory of wrhulemt diffusion was developed
essentially hy G. I. Taylor and Th. v. Karman
(ef. Goldstcin, Modern Developments tn Flnid

10

equal to 'y, the llow speed at the upstream end of
the flame region, we have

N e T =)

In i typical case of a stoichiometric gasoline-air
mixture:

y = Lo f < 200 ft./sec., W = 08f Ih./f1.f sec.,
1 .
Q= 5 X 10§12 /sec 2 (e, foot poundals per pound ).

P2 =17 X 104D, /ft. see. (ic. 1 atmosphere.)

In this case the last tenm nnder the square root in
(D) is small compared with the first, and yp, is
lirge compared with Wf; simple expansion then
leads to the following good approximation:
(E) dp —h—p _ 1‘( / \?

A P2 8\ 100
with the flame speed f measured in ft./scc. Corre-
spondingly the number of horsepower required to
drive the gas against this pressure difference 4 p in
a straight tube of cross section A (ft.?), is

(F) H.P.=1,600 ( i({()) ’A (for ps = 1 atimosphere).

1t is apparent from (F) that imless the flame speed
f is considerably less than 100 ft./scc. the necessary
horsepower is very large. Cntting down the area of
cross section of the tube may help some, hut cannot
be carried too far as wall effects wonld be intro-
duced which would dominate the phenomena.

HIGH TEMPERATURE GASES

Dynamics, Oxford, 1938). The resnlts are primarily
applicahle to diffusion in ficlds of unifarm isotropic
turbulence. The essential features of the diffusion
in such fields may be summarized as follows:

The rectangnlar components of velocity of a
microscopic hut not molecular particle in the fluid
are taken tobe U + u, V - v, W - w, where
w, ¢, w are small fluctuations of the companents
about averages U, 1, W taken over suitably small
time or space intervals. The corresponding averages
v, v, w of u, v, w are, of course, zcro by definition.
The ficld is characterized hy an “intensity” which
is a root mean square Vi of n, (with w*=v*=w*
for isotropic wurbulence) and hy a “scale of turhu-
lence” I, which may be defined in terms of correla-
tion averages and which may be regarded as repre-
senting the average distance a particle can move in

sauree
to zecro
i more
of the
agenck
transfer
the tot:
related




the direction 8, say, with raudom velocity u, before
u is reducett to zcro. Then it is a resnlt of the
theory of turbulence that:

1. For time mtervals which are small in com-
parison with the ratio of [, to /i, the diffusing
quantity spreads at a uniform rate proportional to
the wtensity \Vu? and the vate is not dependent ou
the kength /.

2. For time iutervals which are large iu com-
parisou with the ratio of 1, to \/i’, the dilfnsiug
quantity ¢ spreads in accordance with the usual dif-
fusion eqnation
sl Ve, + 11y, (D¢) -+ Dgy)y+ (D)
where the coeflicicut of dilfusion £ s equal 10
L V.

3. For iutermediate time intervals the diffnsion
is dependent on a fuaction Rr which represeuts the
correlation between the speed of a particle at any
instaut aud the speed of the ssame particle after a
time futerval 77, It is seeu from the above that the
experuvental determination of W and I, s of in-
portance in the description of the difusive char-
acter of turbulence. Under low temperature condi-
tions the we of hot wire anemowmetry supplies in
general the necessary information. However, the
use of such apparatus s serionsly lmited iu high
temiperature gases dne to mechanical dithculties and
to chemical elfects. It has therefore been suggested
to stidy the dilfusion of particles from a potnt
source located i a uniform fickd of sotropic tur-
bulence. The task woukl then be to measure the
exteut of the diffuwsion with the help of a char-
acteristic property of the particles, such as their
charge, mass, color, cte. If a source of such par-
tickes is located in a gas strcam we can determine
the distribution of a particular property down-
stream from the source. According to our theoreti-
cal results we wonkl expect a lincar spread close to
the source which could be measured in terms of the
subtended angle, At a point downstrcam from the
sonrce where the correlation function Rr has fallen
1o zcro the lincar spread wonld change and show
a more or less parabolic character. The diffusion
of the property is not entirely due to turbulent
agencies hut is also bronght about hy molecular
transfer mechanisms, It can easily be shown that
the total suhtended angle @ which is measured s
related to the turbulent diffusion angle ¢ and the
molccular diffusion angle . as follows:

@ = af + a°
It is further possible to express the turbnlent

diffusion angle i tetms of the tutbnlence level as
follows:

. VUt
K 7

It & thewefore posible 10 determine the wr-
buleuce jutewsity Vu? from the subtended angle
a if a, is compnted aud if U is determined. The
measnre of the scale of turbulence can e obtained
from the subtended augle aud the distauce of hinear
spread from the source, but a somewhat limited
accuney s anticipated,

The use of alkali sahts to make the dilfusion
pattera visible in the flame was suggested by P.
Chambré ( Pasadeua, 1916), The advantage of this
method hes in the fact that the colored portion of
the flame is readily distingnished by eye and photo-
graphic devices, whereas the use of other proper-
ties such as charge, mass, etc. woukl conceivably
entail wtroduction of sampling probes into the
flame which would alter the hvdrodynamic char-
acter of the How. The spectrum emitted by the
metattic salts can ako be adapted for temperature
measnrements in the flame by reversal kue method
or other comparison techuiques, ‘The determination
of temperature is esscutial iu applying suitable cor-
rections to the molecular diffusion constants of the
gas,

Experimental. A series of photographs of diffu-
sion patterus from a ghwss bead held o a burner
flame have been made. The ghuss bead was intro-
hiced into the flame ou the end of a platinum
wire, aud photographs were taken at dilferent gas
velocities wing four sizes of platinnm wire, 19, 22,
26 aud 28 B aud S gauge, These observations
were made to determine if the diameter of the
wire iufluenced the measured subteuded angle. It

a K, a known universal coustant

2

A platinum wire
' glass bead

direction of gas flew

Figure 7. Angle of diffusion from a gluss bead in
a burner flame.




was found that within the precision of measure-
ment no difference was observed for the four sizes
of wire if half the subtended angle were measured
an the side away from the wire holding the glas
bead (sce Fig. 7). When the measurement was
made on that half of the angle near the wire the
angle was a function of wire diameter, which is
to be expected inasmuch as the gas flow s affected.
‘The diffusion angle was therefore defined as twice
the half-angle when measured away from the wire.
A controlled source of air was not available at the
time the measurements were made, but air open-
ings on the hurner were kept at a constant posi-
tion for all experiments. A Fisher burner was used,
and city gas was the fncl. Figure 8 shows the angle
of diffusion versus rate of flow of fuch

Oirrusion ANSLE (DESREES)

—20 25 0 . 5
RATE oF Fzon or GAS (cc./sec)

Figure 8. Diffusion angle versus ratwe of flaw.

The root-mean-square velocity fluctnation \/u*
has commonly heen measured with a hot wire
anemometer, but this instrnment 1mfortumately is
not satisfactory in a hot flame. If U, the mean flow

velocity, can be measured, \,’F can be deduced.
Hot wire anemometers must be discarded for this
measurement for the same reason as above. Pitot
tubes are not favorahly regarded becanse of the
disturbance which this rather gross instrument
would introduce into the flnid stream. 1If this dis-
advantage could be overcome, it would be neces-

sary o find for the tube a material that woull not
fuse shiut when mtrodinced into the flame,

A mcthod which circnmvents these difficultios
but reqnires two measurements and some asump-
tions makes use of the equation

pU = mRT
p = pressure R
m = mass rate of flow T

gas constant
temperature

As is pointed out ahove, a knowledge of teupera-
ture is necessary for other aspects of the problem,
and the sodium D-line reversal method s being
considered for this measnrement. A beginmng in
this direction has been made in the calihration of
a tungsten-strip kimp for current versus temipera-
ture. Measnrement of the pressure p would also he
required, as well as measurement of m, along with
the knowledge that m remained constant over the
flame. Furthermore an analysis of the burned gases
is required; or the assumption must be made that
comhustion is complete in the onter cone. The nse
of the gas constant R presupposes that the gases are
ideal. "Fhis probably wonld not be an unreasonable
assumption at necar-atmospheric pressures and high
temperatures,

A Bunsen or other standard type hurmer would
not be satisfactory for the experiments if this method
of measuring U were used because of the require-
went of conservation of mass. Attempts were made
to establish a flame with a planar frout in a diverg-
ing tube in the hope that it might be possible to
hold the flame sufliciemly steady for the experi-
ments, These attempts were not suceessful. Consid-
crahle oscitlation wis observed, prohahly becanse of
excessive cooling of the pyrex tube, with consequent
cooling of the gases and slowing of flame speed.
Possihly  insulation wanld improve the micthod,
though the insulation would have to be of a special
type ta permit taking photographs through the wall.
Another possihle method is that of heating the tube
clectrically, hut we are not hopeful of the success
of this method, believing that a direct measurement
of U wonld be more satisfactory,

Finally, a fourth method under consideration for
measnring U is observation of the speed of an in-
candescent particle in the gas stream.

VIi. THEORY OF NON-UNIFORM GASES

This phase of the work covers the mathematical
theory of gascous viscosity, thermal conduction, and
diffusion for

(1) Systems without chemical reactions,
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(2) Systems with chemical reactions,
In particular the study is concerned with investi-
gations of non-Maxwellian distributions which are
brought about by transfer processes in a gascous




systent. The advent of jet propulsion and high speed
missile design kas raised questions of a rather basic
nature in this respect. One might guote as examples
the acrodynamic drag experienced by a missile i 2
rarcficd atmosphere, where the molecnlar free meau
path is large compared to the dimensions of the
projectile. This problem has fately received some
attention hy H. 8. Tsicu (Pasadena, 1946). An-
other example ix a statstical theory of the fornation
and structure of shock waves, The  continunm
theory as applicd by R. Becker (Zeltsch. {. Physik,
8. 321-362, 1922) and others feads to shock wave
thicknesses far below the applicability of the con-
timmm  theory, These are examples which  fall
roughly under class (F) above,

Problems of class (2) are not as well delined vet,

but outstanding among them s an investigation of
the non-cquilibrinm state in a gas brought abont
by very fast chemical reactions, involving inclastic
collisions, Some of the mathematical apparatus per-
taining to problems of class (1) has been summar-
izedd by S, Chapman and I G, Cowling (The
Mathematical Theory of Nouw-Unifovm  Gases.
Cambridge ). Problems falling under dlass (2) have
not received very wide attention and a scarch of
the literature i this fidld is being conducted, A
gronp of statistical mechanics problems based on
highty idcalized models for molecules is being for-
mukated and solutions are being attempted in order
to develop mathematical teclmigques which may be
nseful in the treatment of more realistic models of
rombustion processes.

VIl. SHOCK WAVE IGNITION

Purpose. Experiments are being conducted in which
shock waves are to be nsed to produce ignition of
gasoline-air mixures in order ta shed some light on
the phenomena of reignition in a pulse jet. In addi-
tion it is expected that valuable information will be
obtained concerning the general effect of shock
wives on combustion in gases,

Backgroaud. Much information concerning the
physical characteristics and method of production
of shock waves is afforded in articles and reports
by Rankine, Hugpniot, Jonquet, ‘Taylor, and
Becker, and more recently by Friedrichs, Payman,
and Shepherd, and by the Princeton University
shock wave gronp under Bleakney, in conjunction
with NDRC and BuOrd contracts,

Particular reference is made to the experii
values and procedures of Payman > and Reynolds ©
and to the theoretical determination of the physical
characteristics of non-lincar wave motion hy Cour-
ant and Friedrichs.”

To the writer's knowledge, there is no literature
on the production of combustion (as contrasted
with detonation) by shuck waves.

Description of Apparatus. The cssential features
of the apparatus usced for shock-ignition in experi-
mentation at NYU are illustrated in Figure 1. The
apparatus is divided into three sections, a compres-
sion chamber, 3 feet long, an expansion chamber,
5 feet long, and a combustion chamber which is
I foot long. The sections are made of drawn brass
—'mnd Shepherd, Proc. Roy. Soc., A 1006, 293-321, (1941},

¢ Reynolds, NDRC Report A=192 (OSRD No. 1518).
? Supersonic Flow and Shock Waves, AMP, NDRC, AMG-NYU, 38.2R.

pipe with 3 sitle diameter of 1inch and a wall
thickness of ! inch. Pressure is built up in the
comprassion chamber by wmcans of the compresed
air twk in Figare 9,

Figure 9. Shock 1ube and associated equipment nsed
in shock-ignilion experioients,

The cirenlar honsing which separates the com-
pression and exps chamber is used as the
mounting for a diaphragm. The panticular advan-
tage of this unit lies in the fact that it need only
be pushed together for adequate sealing (up to 350
psi). This pressure scal is accomplished by hy-
draulic O-Rings, which arc integral parts of the
mechanism. This housing and a scotch 1ape dia-
phragm mounted in place are shown in Figure 10.
When the diaphragm bursts, a disturbance which
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takes on the form of a plane shock wave is sent
down the expansion chamber,

The combnstion chamber and its allied clements
ave illostrated in Figure 11, The sliding plate is used
to separate the gas-air mixture in the combustion
chamber from the air at known temperature and
presure conditions in the expansion chamber. A
fraction of a sccand before the diaphragm bursts,
this plate is raised so that there is a free passage
for the shock wave from the expansion chamber
through a hole i the plate into the combustion
chamber, This is doue in order to present a rela-
tively sharp interface between the gas-air mixture
on the one hand and the air in the expansion cham-
ber on the other at the time of arrival of the shock
wave. The atomizer shown in the ligure is used for
spraying in the fucl, while the blower is used for
scavenging after cach uial. A heater coil, not shown
in this llustration, is pictured near the center of

Figure 10, The housing for mounting 1he diaphragm
(derail).

Figure 11. Comhustion chamber and sliding plate
with blower and alemizer.
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Figure 9. 'This coil is used for raising the gas tem-
peratures to the desired level.

Theory
A Tewmperatare relationships in a shock wave.
If we use subscripts 1 and 2 to denote conditions
ahiead of and behind a shock front propagated down
a tube, then (see e.g. Becker, Ann. der Physik,
1922):

3 : /) (y+ 1) + (v 1)
U )

Te P
TV T Py
where the symbols v, po P and 7 denote velocities,
densities, pressures, and temperatures (°K.)  re-
spectively, and y denotes the ratio of the specilie
beats (C,/C:).
Let us catenlate the temperature behind  the
shack wave in the following two cases:

1) Let P, = 4 atmospheres, P, = 1 atmos-
phere, T, = 293°K. (room temperature). Then,
by use of the above formulas we find that 7', -
469°K. or 196°C.

2) Let P, and P, be as in (1) but T,
GO0°K. Then we find that 77 960°K. or
687°C.

Therefore, with gas temperature initially 7
600°K. throughout the entire tube, and assuming
the ignition temperature of gasoline to be aronnd
960°K. for such an experimgnt, an initial pressure
in the compression chamber of the order of 16
atmospheres is required for ignition. This is based
on the assumption that the cffective pressure ratio
in the shock wave is approximately onc-fourth of
the ratio of the pressures on the two sides of a dia-
phragm which is broken in order to gencrate a
shock wave in the tube.

B. Rate of diffusion across an initial density dis
continaity. At any instant after the sliding plate hoas
been raised, in order to know the sharpness of the
interface between the air in the expansion chamber
and a stoichiometric mixture of gasolinc in the
compression chamber when both gases are at atmos-
pheric pressure, it is necessary to solve the diffusion
equation with an initial discontinuity in density be-
tween the two chambers,

d
Let Q@ = — 4-2-be the rate of diffusion of the
ox

fuel in the fucl-air mixture across unit arca in the




positive x-direction. Here p is thc density of the fuel
in the mixture, and 4 is the diffusion constant.

The diffusion equation is

The diffusion constant for small concentrations
of alcohol into non-turbulent air at 40°C. is of the
order of 0.14 cm.*/sec. At lowcer temperatures this
is smaller, so a fair estimate for gasolinc at room
temperature might be 0.12 cm.* /sec.

Let us take the comhustion chamber to the left of

¥ = 0, and the expansion chamber to the right.’

Now the diffusion equation is to be solved snhject
to the initial conditions that at ¢ = 0,

p(x,0) = p,.forx <0 (initial density of the
gasoline in the com-
hustion chamber)

and

p(x,0) =0,forx >0

and for ¢ > 0, we have for the boundary conditions

P (~—oe, ’) = Po
pl(w,t) =0
The solution of this problem is
[ -]

y
p(:,t):-—"'—___ ¢ T dy

Vr x
Va4

At x = 0.635 cm. = 0.25 in., we have

¥
1 i

—_——= 4

\1)

or
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as the per cent of fuel (in terms of the initial density
in the combustion chamber) %4 of an inch to the
right of the original interface at any time ¢.

Table 1 gives a list of values of this per cent at
various times .
TABLE 1

Fuel Percentage at
x = 0.25 inch

0 0.00
0.16 0.06
0.25 0.47
049 3.16
1.00 9.68
4.00 . 25.78

Thus, if the shock wave arrives at the interface
onc second after removing the sliding plate, the
mixture ¥4 of an inch from the original intcrface
has changed by only 107 of the mixture originally
in the combustion chamber ¢ on the assumption that
non-turbulent diffusion is involved ;.

Procedures and Results. 'The cxperiments per-
formed thus far have been mostly of a qualitative
nature and though ignition has not as yvet been
ohtained, somc interesting results are availahlc.

In order to determine the proper fuel-air mixture
the atomizer pictured in Figure 11 was used to
spray gasoline into thc compression chamber. The
tube was then sealed and the gasoline heated until
complete vaporization took place. A spark plug
which was mountcd inside the tube was then
sparked. In this manner we were able to determine
the optimum number of pumps of the atomizer hulb
needed for a proper mixture.

A series of cxperiments is nnder wayv to see if
shock ignition as proposed is possible. In doing this,
scotch tape diaphragms are used. These diaphragms
can be made the proper thickness so that they will
burst at previously determined pressures. Having a
given fucl mixture and compression chamber pres-
sure, the next controllable parameter is the tem-
perature.

With the above theoretical results in mind it was
decided to vary the temperature of the gas from
about 285°K. up to approximately 600°K. at 4
atmospheres shock pressurc. At the present time
wall temperatures of abont 400°K. have been
reachced.

Future Proposals. Futurc cxperiments will be
concerned with raising the temperature of the gas
in the combustion chamber to a sufficiently high
level so as to induce ignition through the use of
shock waves. After ignition has been obtained, con-
trolled experiments arc being planned in which
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more quantitative measures of the parameters of
temperature, pressure, density, and humidity will be
carried out in all three sections of the tube. In the
way of theoretical investigatious, it is hoped that

once some figures are available concerning the var..
ous parameters involved, it will be possible to for-
mulate a theory of what occurs during reignitiou
in a pulse jet.

VIil. MEASUREMENT OF THERMAL PROPERTIES OF STEEL
AT HIGH RATES OF CHANGE OF TEMPERATURE

Purpose. In the congplete deseription of the opera-
tion nf a liquid rocket or pulsating jet, account
must be taken of the transfer and condaction of
encrgy from the gases in the motor into and through
its walls. The solution of this heat flow problem
thus requires a knowledge of the behavior of the
thermal conductivity and specific heat of the wall
material under operating conditions. When a rocket
is fired, the high velocity hot gases rupidly heat the
steel walls of the rocket. At any instant the tempera-
ture distribution and consequently the wall strength
depends on the previous low of heat in the wall,
This flow depends en the thermal parameters of
the wall material as well as on the heat transfer
from the hot gases to the wall. Consequently experi-
ments have been designed for the measurement of
the thermal parameters of the walls for different
high and low rates of change of wmperature, In
these experiments steel speciineus are to be heated
by passing an clectric current through them.

Background. In the Second Report of the Alloys
Commitice to the Iron & Steel Industry in 1937,
some accurate experimental work is reported on the
specific heat of steels. This fairdy exhaustive pro-
gram was carricd out under the direction of
Griffiths. Steels with carbon content ranging from
0.06% 10 1.227¢ were used. The work was done
essentially under static conditions, hnwever, which
posed few of the problems met with in rapid heat-
ing. For a rate of change of temperature of
1,000°C. per second, an adiabatic container is
almost impossible to realize, although calculation
could take into account radiation losses. This elas-
sical work shows that for cach specimen used, a
very sharp risc of the specific heat occurs at about
730°C. For instance, steel of 0.23% carbon has a
specific heat of 0.2 at 700°C. and 1.7 at 730°C.
The “width” of the peak is about 10°, and save
for some subsidiary peaks, the curve settles down
to 0.15 for higher temperatures. It is of interest
to note that this latter value is the same for all
specimens used.
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In the sanie report, values of the thermal ex-

pansion, (lr—l;-l—'— are given. The curve of

L. L. . . :
(-—T—— against temperitture rises lincarly up

to 730" C.. at which point it turns and is linear
with negative slope to about 810°C. Here it tums
again and has a positive slope parallel to the initial
slope.

In Science Reports (Tohoku Imperial Univer-
sity, First Series, Vol. VI) the variation of thermal
conductivity with temperature for several carbon
steels is presented. Like the thermal expansion, the
conductivity also shows a change in the vicinity
of 730°C.

If onc neglects Josses hy radiation for the mo-
ment, then an idea of the current required to heat
i specimen can be ohtained.

Consider a rod of radius 7, length [ clectrical
resistivity p, specifie heat s, and density d. Let its
instantancous rate of change of temperature be
#", and let there be a current 1 flowing through it.
Then the power equation is

I& x’r—';l,- = ]wr'-'l.rd'i'

where J is the mechanical equivalent of heat. So that
I=nr? J i:——]- A
and if

I =20cm,r = 1.5 mm, p = 20 X 10~ ohm-cm,
s = 0.11 cal/gm, d == 7.7 gm/ce,
Tx = 400°K/scc, J = 4.18 joules/cal,
then I = 590 amps,
The resistance of this rod is
= #’, = 5.7 X 10~ ohms.

If the internal resistance of a 6-volt lead storage
is taken to be 1/50 ohm then, using 4 cells in a
series-parallel combination, we get a 12-volt source
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having 1/50 ohm internal resistance. This will give
a current

12
002 3 0.006
This is less than*the current required for a heating
rate of 400" /sec., but will be sufficient for a pre-
liminary trial. -

Calculation shows that if the heating is done at
a rate of 1007 /sec.,, the losses by radiation become
serious at 300" C, For such rates a shiek]l wonld be
necessary.

Expérimental Setup. In order 10 compare the
effect of rate of change of temperature on the
specific heat, with the values given in the Second
Report of the Alloys Committee, a carbon steel
had to be found which would be as similar 1o the
original specimens as possible. AIST G 1040 has
about 0,407 carbon, and 0.60¢; manganese,
which is the best approximation that could be
found. Specimens of this steel have been annealed
at 950°C., as were the British steels,

The picce of steel to be nsed is about 3.0 mm.
in diameter, and 20 cm. long. It will he mounted
within an evacuated glass wbe, with heavy con-
ductors passing in to carry the heating current.
The glass tube, about 30 cm. long, will he sealed
at both ends with rubber stoppers, through which
the heavy cylindrical rods pass. The rods will be
drilled at onc end so that one end of the steel
specimen can fit in and be tightened for good
clectrical contact.

= 460 amps.

A platinum platinum-rhodium thermocouple will
be attached at the middle of the steel rod 10
measure the temperatare. The thermocouple cle-
ments are (.002 inch in diameter and should not
have cnough heat capacity to canse serions lag.
The voltage from the couple will feed imo an
amplifier wnd finally appear on the screen of an
oscilloscape, A camera will he monnted in front
of the screen, with the shitter left open. When the
main switch is dosed, the 12 volts are connected
acress the specimen and g linear sweep circuit is
triggered.

Separate leads will pick np the voltage across
the specimen and the current through it, und these
quantities also will be amplified and displaved upon
o Sereel.,

A timing pip superimposed upon the oscilloscope
scan will be used to record the time.

The record obtained in this way will actnally be
a curve of total heat vs, temperature. Information
regarding the specific heat, requires a differentia-
tion of this curve.

Results. The appuratus described in the fore-
going is under construction, and no records have
yet been obtained.

Future Work. The problem of measuring the
thermid conductivity ag i function of the rate of
change of temperature scems to be far more diffi-
cult. As yet no definite method of solution has been
settled upon.

IX. NON-LINEAR HEAT CONDUCTION

Introduction. In designing rockets and pulse jets
it is desirable to know the transient temperatnre
conditions in the walls during and after firing so
as to be able to calculate thermal stresses, prob-
able amount of melting, and so forth. Ordinary
theoretical treatments which assnme constant heat
conductivity and capacity of the metal may be
seriously in error since the actual variation of these
quantities is quite large (aver 100%.) for the range
of temperatures encountered (as much as 800°C.).
Hence it has seemed desirable to investigate the
non-lincar partial differential equation which gov-
cmns the flow of heat, taking account of the tem-
perature dependence in the thermal conductivity
and capacity.

Previous theoretical treatments have been con-
fined to numerical calcnlations of specific cases,

replacing the partial differential equation by a dif-
ference equation or system of ordinary differen-
tial equations. Depending on facilitics, results may
be obtained graphically (c.g., by the Schmidt
method), or by direct calculation, or with the aid
of a differential analyzer or analog computer.
Such methods are well known for the case of con-
stant thermal quantitics (i.e., when the equation
is linear) ; their adaptation to the case of variable
thermal quantities is in principle quite straight-
forward, but the essential difficnlty that character-
izes all numerical methods remains: namely, only
specific cases may be cakeulated, so that statements
of a general nature as to the effect of variations in
the end-conditions, geometry, etc., on the solution
are very difficult to make. Tt is of course too much
to hope for to find an exact analytic solution of
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the non-lincar partial differential equation for
arbitrary boundary conditions; it is possible, how-
ever, to abtain in analytic form cenain results.
Analytic treatment. We consider the one-dimen-
sionat flow of heat through a stab of thickness 1.
(since the walls are relatively thin, this is an ade-
quate approximitioni. letting T(.\, #) = tem-
perature at distance X' from the inner surface at
time 6, K(T) -~ conductivity, $(T} = specific
heat times the density, we have the equation for 7'.

> . 3T\ LT N<XY<L,
() :f("—ar)—‘ % {o§0=

Making the substitutions

T
Q =/ -—_”\‘ ‘”; « Tu = conveniently chosen mean T';
(1)
T.

_K(T)$(T.) |

TERTNS Y
x=wX/L, t = K (1.)6x%/S(T.) L2

equation (1) now reduces to

82 8
(2) « —o—g— = ——og—.
(It wilt be noticed that Q is a weighted temperature;;
eg. if K = constamt = A(T.),. Q =T — T..)
The typicat behavior of a, for temperatures below
critical valies associated with a change of state
(in steet the lowest such temperature is around
700-800°C..), is indicated in Figure 12. Two types

o
A

I

—>Q

Figure t2. Typical behavior of g for temperalures
below critical values,
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of result are obtained: (i) particular solutions for
special forms assumed for a, (ii) a perturbation
series development for Q in powers of r, where,
c.g., r is some mean ‘ a — 1),

ti) Purticular solutions. a) Suppose .1 and B
are determined so that @ may be approximated by

a = AelV
Then, we assume = f(x) + gft), substitute in
(2), scparate variabtes, uand ohtain
Ac 7 = ¢ B g = conat.

These ordinary differentiat cquations may be solved
and fumish the particntar solntion:
_ 1 cosh*(ax + b)
Q=5 R “gyasic by
where a, b. and ¢ are arbitrary constants which
may be choxen to approximate some types of ini-
tial or boundary conditions.
(b) We might alternatively suppose that .1, B
and a2 are determined so as to approximate « by

a=4(Q-—B)*

Then, if we assume Q — B==f(x} gft), (2) wilt
again scparate. In particnlar for n = 1. i.c., a linear
approximation to a, we obtain

_x+tax+b

Q- B=5rh

For n = 2, i.c., a quadratic approximation to @, we
obtain
bexpy(x)
\VdAx (¢ -—1)

Q—8=

2 v(x)
e du

X~—a -
b vw Jo
(ii) Perturbation series. Supposc that in a cer-
tain practical case we can approximate « by the
form a=1 -+ ¢Q (¢ is a small constant).

Assuming that
(3 Q=g (1) +eqP(®t) +....
so that
(4) a=14¢49""4 (termsine® etc.)...,

and that initial and boundary conditions are given
in the form Q(0, 1) = [i(8), Q(m ) = [a(1),
Q(x, 0) = fs(x), we substitute (3) and (4) into
(2), equate like powers of ¢, and obtain a succes-
sion of boundary value problems as follows:




9" (o.t) =/, (1)

]
(=) dx? LY

Pt qln
X

S T L YL
ot

b x?
ctc.

The solution of (¢

) is well known,

q'nb_.z. 2 e " innx (/' /, (x) sin nx dx
23 conimnsd 7

1

+n/' eI = (D)

eyre —» !l.' , { q= (=,1) =/a(t),
-9 9 (x,0) =[5 (x)
bq'..

YR qV(0.t) = gV (w.t) == g"(x.0) =0;

J

The solution of (¢"') may be obtained by the Laplace Transform; it is

\ —2 (7 [t ag™ (x.A) @ . = :
(5) q":—f f —_——— 3 ' (X A) e K711 A) sin Kx sin Kx’ dAdx’
* Jo [P l\'zl

5 ax®

= Z ar(?) sin K'x

The coefficients a: (¢) may be cvaluated explicitly
in terms of the functions f,(¢), fo(?), fa(f): or it
may be more convenient to calculate (5) directly.

It is planned to apply the above results to

numerical cases, to extend the results in (ii) to the
case of prescribed heat inflow at the boundaries,
and to give estimates of the error involved in ignor-
ing the variation of the thermal coefficients.

X. CONSTRUCTION AND TESTING OF SMALL PULSE JETS

Purpose. Pulse jets have been constructed to serve
three purposes: (1) to test simply and directly
the cffect of various combinations of combustion
chamber and tail pipe lengths on thrust, fucl
consnmption, and cyclic firing rate, with a view
towards the checking of theories of pulse jets and
towards the designing of multi-tube motors, (2) to
provide a way to observe visually and photographi-
cally the combustion process, and (3) to provide
a source suitable for testing temperature, pressurc,
and other instrumentation to be employed latcr on
large pulse jets.

History. Though many small pulse jets havc
been built in the past by other cxperimenters, no
description has been found of pulse jets specifically
designed to scrve the purposes listed above. Some
experiments were conducted at Wright Field and
elsewhere in which photographic records and opti-
cal measurements were made throngh windows in
pulse jets, but this did not furnish sufficient data
for a complete analysis to be made.

Description of Apparatus. So far, to serve these

fonr purposes, six small pulse jets and several pieces
of accessory eqnipment have been constructed.

‘The first pulse jet (SQUID Mark 1) was con-
structed of steel tbe and was designed to permit
investigation of the effects of both combustion
chamber size and tail pipe length on pulse jet
performance.

The sccond pulse jet (SQUID Mark 11) was a
transparent pulse jet constructed of pyrex tube to
see whether completely transparent jet tubes were
feasihle.

The remaining four pulse jets (SQUID Mark
1 Serics) have transparent side walls and were
constrncted after tests on the SQUID Mark 11
indicated that transparent pulse jets might be prac-
ticable. The change from pyrex tube to pyrex
plate was made becanse we believed that optical
distortion wounld be reduced and also that it would
be less diffienlt to construct jeis of different
geometries.

The third, fonrth, and lifth pulse jets (SQUID
Mark II1 Madel O, Casts 1, 2, and 3) were made
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Figure 13, Cross section of SQUID Mark t.

of plaster-of-paris and have been tested with both
socki glass and pyrex glass walls,

The sixth pulse jet (SQUID Mark 111 Maodel 1)
though made of transite (a type of ashestos board |
instead of plaster-of-paris, is otherwise similar to the
rest of the Mark 111 Series.

The accessory equipment that is used with these
jets is described under Subsection A (Steel Tube
Jet) and Subsection B (‘Transparent Jets).

AL Stecd Tube Pulse Jets (Mark [) and Accessory
Equipment

1. secessory Equipment. The accessories nsed
with the steel mbe pulse jet are (a) an ignition
system, (b) a fuel delivery system, (¢) a thrust
stand, and (d) a blower installation.

(a) The ignition system consists of a six-volt
battery connected to a Ford spark coil. The coil
is grounded to the palse jet, and the high voltage
lead is connected to the spark plng.

(b) The fucl delivery system is built around a
variable capacity (3 to 150 ponnds per hour) gaso-
line atomizer developed by the Combustion Fquip-
ment Division of Todd Shipyards Corporation for
turbo-jet engines. Basically it rescmbles the marine
retnrn-flow oil bumer, and its greatest advantage
is complete atomization even when cjecting only
three pounds of fuel per hour. ‘The fuel is placed
in a tank and the required 300 psi delivery pres-
snre is obtained by pressurizing the tank with nitro-
gen from a nitrogen cylinder. ‘'The tank pressure
is maintained at 300 pounds by a regulator valve
on the nitrogen cylinder. All the hose connections
are of synthetic rubber and a valve in the return-
flow line is nsed to control the amount of fuel
cjected. The fuel that is not ejected by the atomizer
is collected in another tank.

(c) ‘The thrust stand consists of three parts, the
front support, the rear support, and the base. The
front support is a welded structure that can rock on
pivots in the base. The front end of the jet is
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pivoted, in tum, on the front support, and the rea
end is supported by a rocker arm. Thrust is meas-
ured by a spring scale attached to the front support
but, since preliminary calculations indicated it was
not needed, no damping mechanism was installed.

() 'The blower used to provide ram air is a
variable speed centrifugal fan that has a maximum
capacity of about 250 cnbic feet per minnte.

2. Description of Steel Tube Pulse Jet (Mark
I). The Mark 1 is constructed of steel tube and
sheet metal. T general layout is shown in Fignre
13. To the front inner tube arc attached (a) the
lugs that fit in the front support of the test stand
and (b) the valve bank which is shown ip Figure
1. The tip of the atomizer projects throngh a hole
in the center of the valve bank whose valve leaves
are made of 005 steel strip.

A variable size combustion chamber is obtained
by attaching the valve bank to the rear end of the
front inner tube (Tube T), which is slid into the
front outer tube (Tube I1). The tail pipe is varied
in length hy sliding the rear outer tube (Tube 1V)
back and forth over the tail pipe (Tube 111).

Figure 14, Ster] lnbe pulse je¢ (Mark 1) disussembled.




B. Transparent Pulse Jets and Accessory
Equipment

All of these pulse jets have been based on and
se parts of the model aircrdt jet engine made by
Minijet Motors, Pasadena, Cafifornia. “'lis jet has
1 four-sided pyramidal valve hank. Its fuel delivery
sstem is unnsual becanse the pressure rise that
occurs during cach comhustion eycle is used to
force the gasoline up from the sealed tank and to
cject it from the atomizer focated ahead of the
valve bank.

We have used the Minijet engine parts from the
air intake hack to and inchiding the valve bank, in
order to avoid the necessity of designing andd con-
structing onr own valve banks and fuel delivery
systems until our investigations indicated that a
dilferent design was desirahle,

1. Accessory Equipment for Transparent Jets.
In addition to the ignition system and hlower used
with the steel tube jet, a hand tire pump, the gas
tank recommended for the Minijet, and the Minijet
fucl injection system described above are wsed.

2, Pyrex Tube Pulse Jet (Mark 11). A repro-
duction of the Minijet from the valve hank to the
rear end of the tail pipe was hlown from pyrex
uthing one inch in diameter. The spark phig was
cemented into a small glass tube projecting upward
from the upper surface of the comhustion chamber.
This assembly was installed concentrically in a 47
diameter cooling tube made of sheet acetate. After
fihre end plates were attached so that the space
between the tubes could be used as a water jacket,
the front section of a Minijet was cemented on.
A sketch of Mark I1 is shawn in Figure 15.

3. Pulse Jets with Transparent Walls (Mark 111
Series). The Mark 111 pulse jet, shown in Figure
16, was made with pyrex plate glass side walls and
plaster-of-paris upper and lawer walls. Materials
other than plaster-af-paris have been considered,
among them transite, sheet metal, maldahle fire
brick, and partland cement. All except the last of
these seem ta offer fabrication prohlems that we
wish ta avoid if possible,

The mold used to cast the plaster parts is shaped
to give a pulse jet of approximately the same length
as the Minijet, and with the same cross sectional
arca at corresponding points. Two brass rods

——

Figure 15. Skeich of SQUID Mark 11

throngh the plaster, one insulated from the plaster
cast by a sleeve of glass tuhing, served as a spark
phig. ‘The inner ends of the rods were bent over
to provide the proper spark gap. In the latest tests
the air-coofed glass plate side wall has been seated
on gasket material instead of directly on the plaster,
and four more C-clamps have been used to hold
the plate in place instead of as shown in Figme 16.
The upper and lower walls of the trausite jet
Mark HIT Model 1) were huilt of transite strips.
These were used in place of the plaster-of-paris sec-
tions of the Mark {11 Muodel O jets,
Test Procedure. For photographic recording of
a test, the pulse jet s set up as in Figure 160 A
Hi-Speed Eastman H camera is placed to view the
jet from the side. In the fatest tests, a timing device
that aids calentation of both the scale-factor and
the speed of the film is mounted just above the jet
in the ficld of view of the camera. The blower is
located several feet ahead of the air intake of the
pulse jet and a cloth et keads the air to the intake.
After the camera is foaded the blower is brought
up to spead and the timing device is stavted. The

Figure 16. Transparent-walled pulse jer (Mark 111 Model
0O, Cast 2), st up for a st run.
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pulse jet itself is started by the tire pump, the blower
being used merely to aid the jet to draw in the fresh
mixture. The spark is usually operated intermit-
tently and is shurt off completely when the jet begins
to run continuasly . As soon as the jet is resonating
the camera mator is turned on to make the record.

For visual observation and optical measurements
the same procedure is follmed with the omission
of the film speed device wnd the camera,

Results

A, Steel T'ube Pulse Jet. No useful data have as
vet been obtained from the Mark I pulse jet since
the only run made was with an oscillating blower,
and the jet muttered rather than resonated.

B. Transpurent Jets. Mark 11, Although only
rather faint photographic records were made with
the Mark Il due to the use of a too high frume
speed with the high speed camera. the operation
of the jet was sufliciently good to indicate that
improved mudels would perfonn satisfactorily. The
tubing cracked after only i@ few runs doe. appar-
ently, to strexsex set np in forming the glass and in
assembling the jet. It was partly for this reason that
the Mark I jets were designed with plate glass
walls,

Mark H1. 'Fests have been run on Mark HI jets
with soda glass walls which eracked soon after

liring started.  Better clamping and scaling do not
seem to provide snfficient improvement in durability
to mitke sxla glass a snitable wall material for air-
cooled trimsparent-walled pulse jets. Pyrex glass,
Iewever, requires considerable time for delivery.

‘Ihe Mark 111 Madel 1 jet with transite upper
and lower surfaces has not been tested sufficienly
to allow aiy coucluion to be drawn as to suitability
of thix material

During the last tests made before this report was
written, runs of several xeconds duration at true
resonance were obtiained. Subsequent examination
showed that scaling was still not quite complete, and
since previous experience with the original Minijet
indivated that complete sealing is essential, it is ex-
pected that in the next tests resonant running for
ten to fifteen seconds will be obtained.

In Scetion X1 a brief analysis of photographic
data obtained from it test rin of a Mark 111 wvpe
jet will be found.

Future Proposals, Since these transparent-walled
pulse jets have run successfully for ten scconds or
more at a time, an extensive program of construc-
tion uand testing of transparent-walled pulse jets of
the same and other designs has been drawn up.
Concurrently, attempts will be made to obtain
closer control and more accurate measurement of
the variables involved in pulse jet combustion,

Xi. PRELIMINARY OBSERVATIONS OF FLAME MOTIONS
IN A PULSE JET

Introduction. In testing the glas-walled jet, Mark
111, as described in Section X of this report, a high-
speed photographic record of the flame motions in
the interior of the jet has been obtained. This was
done while the jet was operating intermittently,
that is, resonating for a few seconds at a time, and
the spark was running continuonsly. Consequently
the photographic record, the only one ubtained so
far on this kind of jet. nay nat be a typical one,
because the observed flame motion was nat truly
unperturbed, In fact, it wis recorded only in the
last two or three “cyeles before dying away.
Nevertheless, the few interpretable frames on the
film show interesting features which may be signili-
cant in the light of further observation. Very recent
motion pictures confirm most of these features for
a truly resonating run.

General Features of the Record. An examination
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of the lilm shows the following sequence of events.
First a knot of flame or “flambeau” is propagated
through the tail pipe from the combustion chamber.
This flambeau is from one to two inches in length
and is preceded in some of the frames by an almost
transparent region of burning. After a brief interval
of no burning there appears a marked band of
flame, roughly six inches long, which follows per-
haps four inches behind the flambeau. After an-
other bricf interval of no buming, a sccond flam-
beau similar in size to the fint and presumably
corresponding to the following cycle, is propagated
through the tait pipe abont three inchex behind the
flame band. A faint suggestion of buming ocems
later, and then several frames afterward a third
flambeau associated with some later cycle moves
down the tube (at a higher speed than the first
two however). In two frames, both the first and
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«cond flambeaux as well as the flame band are
wible. Figure 17 shows this situation as it appears
.« frame 10,
nalysis of the Record. "The film speed was
~nghly 100D frames/second. "This, combined with
measurements of the rather vague ontline of the
interiar of the jet motar, furaished space aud time

Figure 17. Flanbranx and flame-hand in i pulse jit.

© = Obgarved Pasition of Flambeavx
X = Observed Limits of Flame-Bund
Distance

ﬁl.n‘ Jat
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scale factors su that the absolute motions could be
plotted. This is done in the graphs of Figure 18.
The curves marked A and € show the ohserved
motion of the flambeaux, and the shaded region B
denotes the position and size of the flame hand at
cach instamt. On the same figure s shown drawn
to scale a sketch of the ontline of the interior of
the jet, sa that as the flames move thnmgh the
jet it is possible o trace the effect of the changing
onns section of the jet-interior on them. In par-
ticular, it is seen that the length of the flame band
increases from 3.5 inches ta about 6.4 inches as the
band maves into the tail pipe from the combustion
chamber. It then retains this length as it moves
dowu the tibe,

There ure several other striking characteristies of
these mations. Finst, note that the two flambeaux
and the flame band speed through the system with
very nearly the same velocity at any given instant,
and with nearly the same average velocity of 175
feet/second over their entire paths. Morcover the
velocity of cach of these flaming regions, averaged
over about 3.5 milliscconds (or frames), shows a

Tl ]
Pipe

Side View
of Jet

Frame Number or Time (ms)
Figure 18. Motion of flamw in a jet “eycle.”




gradual increase as they move through the tail pipe.
This is particularly noticeahle in the case of flam-
beau € which shoots out the rear of the tail pipe
at a terrific velocity.

Superimposed  on these  grodwally  aceelerated
motions is a rapidly lucnating maotion, with a
definite peridd of abont 31 milliscconds, or fre-
quency of 300 cyeles second. 1f the time interval of
6.5 milliscconds between the appearances of the
flambeaux at corresponding points be taken to
correspond to the fundamemal resonating peried
of the jet, its resonamt frequeney is 154 cyeles
second, or nearly onc-half that of the fluctuating
motion. This may be a coincidence, hut it suggests

that a cause of the velocity fluctuations may b
found in pressure waves reflected back and forth i
the pulse jet interior. Finally, measurements of 1k,
velocity of the flambeau A at 5 and 6.5 millisccond-
give an idea of the magnitude of these fluctu.:
tions. At 5 milliseconds the velocity is 365 feet

sccond. while that at 6.5 milliseconds is only 40
feet:second. These figures are suggestive, but cer-
tainly further and more accurate experimental ding
nust be ohtained from a pulse jet known to be
resonating freely in a “steady statc” before a more
detailed and exhaustive analysis can be given, or
before the full significance of the present data can
be understood.

Xil. NOTES ON INSTRUMENTATION

Pressure Pickups. In observations on the transient
or periodically varying pressures in jet motors, the
pickup device must satisfy certain requirements. 1t
must record oscillning pressare in the range 5 to
+ 4 Ibx. xq. in. 1t mast follow complex pressure
time variations which recur with a frequency of 50
to 200 cycles see. 1t mnst be insensitive to gas jet
temperatures in the range 20 2500 €, Standard
cammercial gauges are of little use on jets because
of the temperature range and the vibration.

Systems emploving deep wells and mechanical
linkages to the operating unit are generally unsatis-
factory because of resonance and viliration.

We have designed a water-cooled batlle which
nay be used just in front of the operating dia-
phragms of magnetostriction, ervstal, or condenser
type gauges. A magoctostriction gauge has been de-
signed, but construction has been delayed hy a
scarcity of magnet steel.

An integrating circuit will be nsed with the mag-
netostriction gauge, and the output will be applied
to an oscilloscope.

The condenser gange will be used to modulate a
FM circuit. To aveid difficultics with the impedance
of the cables, a system of preamplifiers at the jet is
being considered. A crystal gauge is being tested,
and construction of others is being planncd.

The oscilloscope screen can best be studied in all
cases with the help of the General Radio camera.

For calibration purposes we are considering the
construction of an adiahatic pressure chamber with
a mechanically oscillated diaphragm.

Temperature Pickups. A photomultiplier pickup
with an amplifyving system has been constructed
(Sce Section XIII). In obscrvations on the light
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from burning gasoline vapor this apparatus may be
used tu measure (1) direct intensities of the sodium
D-line, {2) absorption intensities of the sodium
D-line, (3) relative intensities of the sodium line
and the patassium line, and (4) the intensity of
the cuntinuous background.

It is clear that for the fint three methods the
sasoline must be well “saturated” with sodium. At
present the best method of doing thix is to spark
metallic sadium under gasoline, the operatian being
done in an oxygen-free nitrogenous atmosphere.

The fourth method listed above also offers
cousiderahle possibilitics. Preliminary spectroscopic
study of the flame in glass model jets shows many
bright regions af the continuous hackground, un-
crossed hy emission lines. The photomultiplier tube
is scusitive cnough to allow the usc of filters. Con-
sequently, an optical system in conjunction with
two photomultiplier tubes has been designed so that
intensity pickups from two parts of the spectrum
can be applicd to the X and Y plates of a cathode-
ray tube for simultaneous observation.

Velocity. Direct measurements of flame velocities
relative to the flame tube are made with the East-
man III Hi-Speed Gamera. This camera has alsa
been used several times for observations on the
vesonating glass-walled model jet.

The Burcau of Ships, Navy Department, has
promised us two parabolic mirrors. With these we
plan to study schlieren patterns of the moving eddics
in the jets.

It would be desirable to study the motion of
luminous small particles in the flame in order to
investigate the details of turbulence, but no prac-
tical technique has heen worked out.
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Density. The instantaneous average density may
possibly be measured by observing the scattering of
light or of particles. The most promising method
seems to be to use cither alpha particles or neutrons.

We are considering the effect of the comhustion
processes on the average nuclear cross section. This
part of the project is still in the discussion
sage.

XIll. THE MEASUREMENT OF FLAME TEMPERATURES IN PULSE
JETS BY INTENSITY RECORDING OF SODIUM D-LINE RADIATION

Introduction. It is desired to design and to construct
an instrument capable of producing an accurate
record of the oscillating temperature at a given
point in an operating pulse jet motor,

This instrument must be capable of recording
temperature oscillations at a fundamental frequency
of the order of 200 cycles/sec. or less and must be
fully responsive to harmonic frequency components
up to a limit of 2,000 cycles/sec. or more. This
“recording thermometer,” furthermore, must not be
subject to unknawn radiation or ather losses or to
destructive action from the hot gases of the jet, nor
must the insertion of the instrnment (if insertion
into the engine is necessaryy result in additional
perturbation of the flow of gases in the jet.

It appears that none of the conventional tempera-
ture pickups, dependent upon the following physical
variahjes, is ideally applicahle to the problem nnder
consideration :

a. coefficient of lincar or volume expansion,

b. temperature coeflicient of electrical resistance,

c. thermal electromotive force.

Resistance thermocouples or expansion elements in-
troduced into the gas might soon be destroyed by
the hot gases, or would at least bave their calibra-
tions altered so as to make reproducible measure-
ments impaossihle. There is alsa the effect of possible
catalytic action of the thermometer pickup device
duc to the chemical reactions aceurring in the
flame. Furthermore, under non-steady conditians
the design of a radiation shield is subject to grave
difficulties. Morcover, the introduction of the
pickup element into the engine could conccivably
disturb the existing mode of flow of the jet gases.
In addition, all the above physical elements are
subject to lag and hysteresis; it could never be
reasonably anticipated that the hot gas in the im-
wediate vicinity of the probe would come to instan-
‘"meous thermal equilibrium with the latter.

Due consideration having been given to the
*hove factors, recourse has been made to an optical

:cthod in which the output of an clectronic photo-
“:ter, employing a photomultiplier tube as the

radiation pickup clement, is uxed to obtain an
oscillograpbic record of the iustantaueons tempera-
wre of a portion of the flame in a jet tobe, This
nicthod, its justification, aned the details of construe-
tion and calibration of the apparatns are given in
the following paragraphs.

Description of the Method and Its Justification,
1t is advisable first to consider what actual meaning
is to be attached to the term “flame temperatare.™
Indeed it has been suggested that a flame cannot
have a temperature in the strict seuse of the word,
becanse it is not a system in strict equilibrinm. But
a sufficiently “thick” flame may radiate ax a black
body, at least for certain speetral hands or rather
narrow line breadtbs. and for such we cam apply
the Planck formula directly to correlate the spectral
intensity with an absolute temperature of the radi-
ating flame.

If a flame is colored hy the introduction of
saclinm vapor or a vapor containing some com-
pound of sodium, there is a point beyond which an
increase in the thickness of the flame docs not in-
crease the intensity of the sodium D-line observed
spectrographically. This experimental fact can be
checked hy passing the light from a second xodinm
flame through the firt and into a spectrograph,
and observing that if the first flame is thick enough,
no increase in D-line brightness resnlts,

Now suppose that the intensity of the D-lines
from a sufficiently thick sodium flame is observed
to be the same as the intensity of the neigbhboring
region af the continmous spectrum emitted hy a
simulated black body, such as a tungsten band
lamp. Then measnrement of the flame tempera-
ture, c.g. .with a shiclded thermocouple, has been
found to give a temperature equal to the effective
hlack body temperature of the lamp. Thus. the
thick flame radiates like a black body iu the spectral
region of the sodium D-line,

This experimental fact is the real basis for the
so-called sodium D-line reversal method of mea-
suring flame temperatures (Kurlhaum, Phys. Z..
3. 187, 1902). In this methexd the comparison of
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the sodium D-line intensity with that of the con-
tinuous spectrum is made by passing the light from
the continuous spectrum through the thick flame,
thus blocking out the D-line region of the continu-
ous spectrmm and replacing it with the sodium
flame emission line. The temperatnre of the radiat-
ing “black body™ is then adjusted nntil the D-lines
merge into the continnons backgronnd.

The above experimental fuct i not ordinarily
used in justifying the D-line methad. A theoretical
argument is given which purports to show that the
temperature of flames transparent for the D-line
can be measured by this methad; bt additional
expenmental investigation by MaeDonald showed
that if the intensity of the lines be altered in a
transparent flame by changing its thickness bnt
withont actually changing its temperature, the
apparent temperature of the flame, obtained by
comparison with a continuons backgronnd spee-
trum, is also altered.

The photometric method of ohtaining flame tem-
perature measurements in jets is now as follows:
‘The clectronic photometer, described later, is cali-
hrated first by observations of the intensity of D-line

radiation emitted through, for example, one square
centimeter of a thick sodium flame at a known
distance and temperature (measured, e.g. by the
sodium Iine reversal method). Then the photo-
meter is nsed to pick np D-line radiation rmitted
throngh one square centimeter of the flames in
transparent walled jets. These flumes are colored
by the introduction »f sxlinm componnds into the
fucl. If the flames are thick enongh in relation to
the concentration of sodinm vapor, the intensity
of the radiation is strictly a Planck's function of
the flame temperature (according to the above
experiment ). The calibration permits the photo-
meter response to be interpreted immediately in
terms of temperature,

Apparatus. Figure 19 shows the electrical cirenit
of the multiplier tbe and power supply. In the
diagram the ontpnt from the tibe is led off a
points A and B to the amplificr and cathode-ray
oxcilloscope.

Fignre 20 is a sketch of the mechanical and op-
tical arrangement. Light from the flame is let into
i closed chamher throngh : main lens at the front.
This falls ou the photo-sensitive plate of the 1121

£t

T 1

V-1 fo V-7 and V11 are YR-150-30

V8and K10 sre 22 V104 1P21

Figure 19. Electrical circuit of electro-optical pyrometer.
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n.hiplier tube which is mounted in the chamber
. a screw adjustment so that the focus can be
.rulated externally.

Results. The pyrometer has not yet been cali-

Focus
/ Man [ens Adjustment

<

brated, but it has been tested for sensitivity in
observation of flames. The sensitivity is extremely
high. hut no detailed data can be supplied at this
time,

Cable Connector \

m rIP2I

_ﬂ

==

Fignre 20. Mechanical arrangemrem of elrciro-optical pyromearr.

XIV. DRAG COMPONENTS OF PULSE JET MOTORS

‘I'he division of the forces acting on a palse jet
motor into thrust and drag is largely a maiter of
convention. In practice, thix division depends on
the conditions of measnrement. 1n some wark con-
ducted a1t Wright Ficld the total aerodynamic force
on a non-firing pulse jet motor monnted on a thrust
stand in a wind timnel was mcasured with the
intake valves in the open and closed positions. The
drag was fonnd to be much greater with the valves
open. On the other hand, under normal operating
conditions the valves open and close periodically,
the exhaust madifics the air flow near the tail, and
the velocity of the vehicle is somewhat pulsed. Al
of these factors confuse attempts at corrclation with
the wind tunnel measurements. 1f cach surface of
the motor is classified, according to some common
sense convention, as internal or external, then a
natural definition for gross thrust is the vector
integral over the elements of the internal surfaces of
the components of the acrodynamic forces perpen-
dicular to the clements of the infernal surfaces. The
remaining forces may be defined to constitute the
drag and they include skin friction over the internal
md external surfaces and also the vector integral
ver the clements of the external surfaces of the
- -mponents of the acrodynamic forces perpendicu-
* - to the clements of the external surfaccs. The

siled calculation of the various forces is beyond
1 ~ent knowledge, but some contributions can be

estimated on the basis of idealizations snch as are
indicated below.

Gross Thrust. A mathematical framework for the
one-dimensionalized treaument of the thermo- gas
dynamical states and presare wives in pulse jet
motors is given in the AMG-NYU neport No. 151
which has been referred to in footnote Y, page 1.
When combustion and intake valve parameters
have been determined experimentally, they may be
used in this framework to estimate the pressure as
a function of position and time in a pulse jet.
Ahernatively, when suitably checked instrumenta-
tion has been developed, the pressure function can
he determined experimentally. When the pressure
function is known, the gross thrust as defined in
the preceding paragraph can he calenlated as a
fanction of time.

Skin Drag. The skin drag on badies of revolution
in a steady flow has been treated quite exhaunstively
(sce. c.g.. Guldstiein, Modern Developments in
Fluid Dynamics, Vaol. 1. Oxford, 1943). It is of
<ome interest in connection with pulse jet motors to
investigate theoretically the cffect on skin drag
when small oscillations  are snperimposed on a
steady flow. (Tt is of conrse quite certain that the
drag due to flow aronnd the sharp edges of the
air intake valves is much greater than the skin
drag on the smooth external surface of the jet
tube. The former is unfortunately maost intractable
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theoretically, but it is to be investigated experi-
mentally at N.Y.U. using the valve grid from a
JB3-2 motor supplicd by the AAF.

In order to make theoretical estimates of skin
drag on the external surfaces of pulse jets, the
following idealized model is considered. A long
torpedo shaped solid of revolution is placed in a
slightly palsed subsonie air stream directed parailel
to the axis. Oatside a thin boundary layer around
the solid, the pressare £ and tangential velocity U
of the air are regarded as determined by non-
viscoas flow theory (in particnlar by incomnpres-
sible potential How if the speed is sufficiently sub-
sonic ). In the boundary faver the gas dynamical
equations are as given in Section il of Goldstein's
book (referred to above), and are

(1) {v, + ww, 4 vu, = (P./p) + v,

L (ru).+ (re) [}]

Here v and y are distances measnred  respec-
tively tangentially and nomually to the surface of
the solid (of local radins 7). ¥ and  are corre-
sponding components of velocity of flow relative
to the solid, t is the time, P is the pressare already
defined above, p the air density, v the kinematical
viscosity  (assumed  constant), and the subscripts

o ) b
refer to derivatives (e.g. w -sl'i). fu v, and P

are each regarded as the sum of two parts, one
steady in time and the other oscillating with a
relatively small amplitnde and  with  the pulse
period 7', then hy integration of (1) over a period
we lind that

@) jn, +vu, =—(Pap) + vUn
Lrig. + (re), =0

if products of the small oscillating terms  are
ignored, and if hars represent time averages of
the quantitics concerned.  Equations (2) have the
same form as those for steady flow and can be
treated in an analogous way in order to find the
shearing stress; p¥uy, at the surface of the solid.
Therefore, for the case of small oscillations snper-
imposed on a steady flow, the usual steady flow

formmlas for skin drag (on surfaces ahead «

of separation of flow) can be emploved if
average vilnes of the pressures and velocitie:
employed. The contribution to velocity oscillat
from the oscillating thrast of a pulse jet is «
under practical conditions, Thus if the mass of 1}
flying pulse jet vehicle is M pounds, the evele fr
quencey w/2z, and the net instantancous thr
under “steady Hight™ conditions is T'=7, cos
poundals, it then follows that the velocity 1° of 1l
vehicle satisfies the following equation of motion

MUy =Ta cos ot

Integration and nse of 1° for the average velocity
yvields

o

V=14 —ﬁ: sin wf

In a practical case 17 is a few hundred feet per
sccond while the amplitnde of the second term s
considerahly less than a foot per second. On the
other hand the contrilmtions to the air flow oscilla-
tions over the swrface of the jet tube, due to
aspirator and other effects produced by the pnisat-
ing intake and exhaust, are conceivahly not so
small. Experimental investigation of the magni-
tudes of these last contrilmtions is planned. 1f these
magnitudes are not small as compared with the
average velocities, then equations (1) will require
a more claborate treatment than that indicated
above. If the experimental investigations da not
suggest a simpler attack, it may be necessary to nse
the methods of difference equations ta solve the
baundary layer equations (1) subject to the rele-
vant bonndary conditions.

Since the usnal pulse jet motors run with their
jet tubes very hot even on the outside, it is likely
that heat transfer between the tubes and the
boundary layer may affect the skin drag ta a
marked cxtent. A start in the theoretical study of
such effects has been made, hut the final methods
of calculation will depend on magnitndes of tem-
perature and velocity oscillation. These will he
determined experimentally when a large test stand
becomes available,
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